The epithelial-mesenchymal transition (EMT) is a complex change in cell differentiation that allows breast carcinoma cells to acquire invasive properties. EMT involves a cascade of regulatory changes that destabilize the epithelial phenotype and allow mesenchymal features to manifest. As transcription factors (TFs) are upstream effectors of the genome-wide expression changes that result in phenotypic change, understanding the sequential changes in TF activity during EMT provides rich information on the mechanism of this process. Because molecular interactions will vary as cells progress from an epithelial to a mesenchymal differentiation program, dynamic networks are needed to capture the changing context of molecular processes. In this study we applied an emerging high-throughput, dynamic TF activity array to define TF activity network changes in three cell-based models of EMT in breast cancer based on HMLE Twist ER and MCF-7 mammary epithelial cells. The TF array distinguished conserved from model-specific TF activity changes in the three models. Timedependent data was used to identify pairs of TF activities with significant positive or negative correlation, indicative of interdependent TF activity throughout the six-day study period. Dynamic TF activity patterns were clustered into groups of TFs that change along a time course of gene expression changes and acquisition of invasive capacity. Time-dependent TF activity data was combined with prior knowledge of TF interactions to construct dynamic models of TF activity networks as epithelial cells acquire invasive characteristics. These analyses show EMT from a unique and targetable vantage and may ultimately contribute to diagnosis and therapy.
Introduction
The epithelial-mesenchymal transition (EMT) is a fundamental program of tissue development in which epithelial cells lose apicalbasal polarity and cell-cell contacts, gain the ability to traverse the extracellular matrix, and ultimately contribute to tissue outside the boundaries of the original epithelial sheet [1, 2] . This process occurs in the earliest stages of embryonic development, and is a component of wound healing and tissue homeostasis in adult life [2, 3, 4] . Strong evidence indicates that carcinoma cells undergo a similar process as they acquire invasive and stem cell-like properties, which translate clinically into cancer spread, metastatic potential, and resistance to treatment [2, 3, 5, 6, 7, 8, 9] . Accordingly, specific molecular hallmarks of EMT include downregulation of epithelial cadherins and upregulation of mesenchymal genes involved in motility and remodeling of extracellular matrix, and are associated with poor prognosis in breast, lung, colorectal, ovarian, uterine, esophageal, and hepatocellular carcinomas and melanoma [3, 9, 10] . Thus, EMT is central to the most lethal characteristics of cancer.
EMT is a multi-step process that involves numerous signaling pathways and alterations in gene expression [2, 9, 11] , and systemsbased approaches are being used to molecularly dissect the dynamics within EMT [10, 12, 13, 14, 15] . The complex interplay between upstream signaling pathways and EMT master regulators [6, 10, 12, 16, 17] involves pathways such as TGF-b, MAPK, PI3K/ Akt/mTOR, PGE 2 /COX, PKC, Notch, Hedgehog, and Wnt/bcatenin pathways [9, 18, 19, 20, 21] . These signal transduction pathways can activate ''master regulators'' of EMT -transcription factors capable of triggering EMT in experimental models and variously associated with human cancer progression. These include Twist1, Snail, Slug, Zeb1, Zeb2, E12/E47, Six1, Lbx1, and NFkB [3, 10, 19] . The role of specific signaling pathways and master regulators in EMT depends on the microenvironment, cell type, and state of other signaling pathways within the cell [22] . The complexity of interactions between the multiple components can be addressed through the development of networks models. However, the activity of pathways and interactions within the network will vary depending upon the differentiation state of the cell, which is profoundly altered during EMT [15] . Thus dynamic networks are needed to capture the changing context of molecular processes [23] .
A technology has emerged aimed at capturing the dynamic activity of signaling pathways through measuring the activity of transcription factors (TFs), which are the downstream targets of many signaling pathways. TF activity is a powerful regulator of cell phenotype [24, 25, 26, 27] , as demonstrated by the generation of pluripotent stem cells from adult fibroblasts by ectopic expression of four TFs [28] . Within models of EMT, the induced activity of master regulators such as Twist1, Snail, Slug, and E47 drives EMT in breast cancer models [7, 29, 30, 31, 32] . Upon activation of master regulator TFs, phenotypic change proceeds in a cascade of altered gene regulation affecting an extensive array of cellular processes [17, 33] . TF activity represents an information-dense node that integrates the input of numerous signal transduction pathways to direct profound changes in phenotypes such as EMT.
In this report, we applied the emerging TF activity array to models of breast cancer EMT in order to define a dynamic TF network as mammary epithelial cells develop invasive properties. The large-scale quantification of TF activity is accomplished through the parallel delivery of TF reporter constructs [34] . TF activity results in production of luciferase, which can be quantified through bioluminescence imaging. Importantly, the array measures TF activity directly, avoiding complications of posttranscriptional and post-translational modification. Furthermore, the imaging approaches are non-invasive, allowing for repeated measurement over time scales of several days [34] . The activity of 56 TF reporters was analyzed in three cell-based models of EMT in breast cancer, which were compared to distinguish conserved versus model-specific TF activity changes. Furthermore, a computational analysis of the dynamic TF activity was employed to describe EMT in terms of dynamic TF networks. These dynamic models of EMT may ultimately be employed to identify targets for therapeutic intervention.
Materials and Methods

Cell lines and culture
HMLE Twist ER cells [7] were a kind gift of Dr Robert Weinberg. Cells were maintained in Clonetics MEGM Mammary Epithelial Cell Growth Medium (Lonza, Basel, Switzerland) supplemented with bovine pituitary extract (BPE) (Lonza, Basel, Switzerland) mixed 1:1 with Dulbecco's Modified Eagle Medium: Nutrient Mix F-12 (DMEM/F12) (Life Technologies, Grand Island, NY). MCF-7 cells were obtained from American Type Culture Collection (ATCC) were maintained in DMEM/F12 supplemented with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA); 100 units/mL penicillin/100 mg/mL streptomycin (Life Technologies, Grand Island, NY) 1X Cellgro nonessential amino acids (Mediatech, Manassas, VA) and 1 mM sodium pyruvate (Life Technologies, Grand Island, NY). For all assays of EMT, cells were seeded at 2610 4 cells/cm 2 except for HMLE Twist ER cells in arrays that were seeded at 4610 4 cells/ cm 2 to account for differences in growth rate when plated in smaller wells. HMLE Twist ER cells were treated with either 5 ng/mL TGF-b1 (Sigma-Aldrich, St Louis, MO) or 40 nM 4-hydroxytamoxifen (4OHT) (Sigma-Aldrich, St Louis, MO). MCF-7 cells were treated with 2 ng/mL TGF-b1.
Quantitative polymerase chain reaction
Cells collected for qPCR were trypsinized, then pelleted by centrifugation. Supernatant was removed and cells were snapfrozen in liquid nitrogen and stored at 280uC until use. Total RNA was extracted from thawed samples using the RNeasy Mini Kit (Qiagen, Valencia, CA) including incubation with DNase I (Qiagen, Valencia, CA) to remove DNA contamination. RNA concentration was quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA)). An equal amount (20 ng/reaction) of RNA was added to each cDNA synthesis reaction, which was performed using the AccuScript High Fidelity 1 st Strand cDNA Synthesis kit (Agilent Technologies, Santa Clara, CA) with random hexamer primers. The Applied Biosystems 7900HT Fast Real-Time PCR system and the following Taqman assays were used according to the manufacturers instructions (Applied Biosystems by Life Technologies, Grand Island, NY); each gene name is followed by the assay ID of the probe/primer set used for reference on the Applied Biosystems website (www. appliedbiosystems.com): 18s rRNA (18s; Hs99999901_s1); Ecadherin (CDH1; Hs01023894_m1); Fibronectin (FN1; Hs01549976_m1); GAPDH (Hs03929097_g1); matrix metalloproteinase 1 (MMP1; Hs00899658_m1); matrix metalloproteinase 14 (MMP14; Hs01037009_g1); N-cadherin (CDH2; Hs00983056_m1); Vimentin (VIM; Hs00185584_m1). Fold change was calculated using the delta delta Ct method using 18s rRNA as an endogenous control after determining that this control in combination with quantification of total RNA yielded the most accurate results. Experiments were repeated at least three times for each data point. Significant differences relative to vehicle control were calculated using an unpaired two-tailed t-test with p,0.05 considered significant.
Immunofluorescent staining
HMLE Twist ER cells were plated on 8-well chamber slides (BD Biosciences) at a density of 2610 4 cells/cm 2 and cultured for 3 days before application of 5 ng/mL TGF-b1 (Sigma-Aldrich, St Louis, MO) or vehicle control (ddH 2 O) daily for six days. After treatment, the culture was fixed in 4% paraformaldehyde (USB Corporation, Cleveland, OH) and stained for E-cadherin (Cell Signaling Technologies, Danvers, MA). Fluorescent imaging was performed using an inverted Eclipse TE2000U microscope (Nikon, Melville, NY) in the Equipment Core of the Institute for BioNanotechnology in Medicine at Northwestern University.
Scratch wound assays
Following treatment to induce EMT, medium was replaced and a ''wound'' was made by scratching an ''X'' in the same orientation across each well with a 1 mL pipette tip. The intersection of each arm of the ''X'' was photographed immediately following wounding (0 hours) and at 10 hours (for HMLE Twist ER) or 24 hours (for MCF-7) to assess the extent of invasion into the wound. The width of the four arms just outside of the intersection was measured using ImageJ (National Institutes of Health, Bethesda, MD) at 0 hours and at the end of the assay. The average decrease in width was recorded for each well. At least 3 independent repeats for each condition were separately cultured and assayed on different days. Significance was calculated using an unpaired two-tailed t-test with p,0.05 considered significant.
Invasion assays
Following treatment to induce EMT, MCF-7 cells were serumstarved overnight before being collected with a cell scraper and plated in serum-free medium at 2.5610 4 cells/well in BD BioCoat Matrigel Invasion Chambers (BD Biosciences, Franklin Lakes, NJ). Medium containing serum served as a chemoattractant in the bottom chamber, while medium without serum was added to the bottom chambers of negative control wells. HMLE Twist ER cells were trypsinized, quenched with complete medium, then washed and plated in medium without bovine pituitary extract (BPE) at a density of 1.25610 5 cells/well in invasion chambers with complete medium in the bottom chambers as a chemoattractant; negative control bottom chambers contained medium without BPE. Both cell types were allowed to invade for 72 hours. MCF-7 cells treated with TGF-b1 have a decreased growth rate compared to controls, so after 72 hours total MCF-7 cells in invasion chambers were counted again. Noninvaded cells of both types were removed from atop the matrigel layer with a cotton swab dipped in phosphatebuffered saline (Life Technologies, Grand Island, NY) and chambers were stained with 0.5% crystal violet (Sigma-Aldrich, St Louis, MO) in 60% phosphate-buffered saline/40% ethanol for 1 hour. Four separate fields per membrane were counted and the average number of invading cells in these fields was recorded as the average number of invading cells for that chamber. For MCF-7 assays, average number of invading cells was normalized to average total cells for each chamber. Each chamber contained cells from an independent culture of EMT-induced or vehicle control cells and each experiment was completed at least 3 times on at least 2 different days. Significance was calculated using an unpaired two-tailed t-test with p,0.05 considered significant.
Transcription factor activity arrays
Transcription factor reporters consist of a specific transcription factor response element cloned upstream of a TA promoter driving the gene for firefly luciferase (FLUC) and are packaged in self-inactivating lentiviral vectors. Increased transactivation of reporters by TFs results in increased luciferase production and a proportional increase in luminescence when an excess of substrate is added during imaging, thus providing a quantitative measure of relative transactivation. For precision, the reporters are referred to by the names of the TF using italicized letters to indicate that data are readouts from DNA sequences (reporter constructs) known to be transactivated by the specific transcription factors for which they are named (reporter specificity and sensitivity studies are referenced on the TRANSFAC database, Promega website, www. panomics.com, and prior publications [35] . The suffix -r is added to indicate that the DNA sequence is a transactivation reporter, not the gene encoding the TF (Table 1 to allow full expression of reporters before the assay began. To measure TF activity-dependent luciferase production, D-luciferin (Molecular Imaging Products, Bend, OR) was added to wells to a final concentration of 1 mM, which had been previously determined to be well in excess of a limiting concentration. Following a 10-minute equilibration period, luminescence (photons/second) in each well was measured using an IVIS Lumina LTE camera system (Caliper Life Sciences, Hopkinton, MA). Untransduced cells in arrays served as controls for nonenzymatic D-luciferin breakdown. Cells transduced with a TA-FLUC reporter construct without additional TF response elements served as controls for any differences in basal promoter activity between conditions. Following imaging, media were exchanged for fresh media containing TGF-b1, 4-hydroxytamoxifen (4OHT) or respective vehicle and arrays were returned to the cell-culture incubator for 24 h before being imaged again.
TF activity data processing
Luminescence reads for each well on each day were first divided by the read for that well on Day 0, to control for any differences in seeding density or transduction efficiency. Normalized values were Table 2 . Summary of significant differences in TF reporter activation relative to vehicle controls during 6 days of EMT induction in three models. 
then divided by average luminescence from corresponding TA-FLUC control wells to control for differences in basal TA promoter activity. Luminescent reads for a reporter TF(J) in cells treated with treatment Tx on day Dx after adjustment for basal transactivation from control reporter TA is therefore represented by the formula
Normalized luminescent reads for each treatment on each day were then divided by the average of the normalized read for the respective vehicle control (Veh) to correct for TF activity changes due to continued cell growth in arrays that cannot be attributed to the induction of EMT. Fully normalized luminescent readouts can therefore be represented as:
Transduced wells with luminescent signal that was not significantly greater than untransduced wells were not included in analysis; corresponding reporters were interpreted as having insufficient data to draw conclusions on TF activity (listed as No Data in Table 2 ). Each array had 4 repeats per TF reporter and complete arrays were repeated 6 times on different days. Plate position of cells expressing each TF reporter was varied between days. Significance of differences between treated and control values was determined using a two-tailed unpaired t-test.
Similarity index calculation for dynamic TF activity data
Based on the assumption that co-regulation of TFs results in dynamic reporter activity trajectories which are similar (in-phase), a similarity index was defined to compare daily averages of all pairs of TF reporters over the six-day time course of study. This index was designed to identify pairs exhibiting positive correlation (in-phase) and negative correlation (anti-phase, or anticorrelation). The similarity index s for a pair of TF reporters TF(I) and TF(J) is defined as
The similarity index calculates the overlap (scalar product) of the differences of the daily averages g TF from 1 (the average of the vehicle control, due to normalization) and divides it by the norm of the differences, resulting in a number between 21 and 1. Values near s = 1 indicate high overlap with positive correlation; near s = 0 indicates minimal overlap; and near s = 21 high overlap with negative correlation (anticorrelation). The similarity index is similar to the Pearson correlation coefficient but it differs in one important aspect: It is based on the scalar product of the deviations from the average vehicle control (which is 1) and not on the scalar product of the deviations from the average TF activity data
Þ (which can be different for every TF
reporter and also different from 1). The Pearson correlation coefficient would be calculated as follows, which differs from the similarity index:
Since we are interested in the similarity of the deviations from the vehicle control, we use a different quantity than the correlation coefficient. To illustrate the significance of using the different term, consider two TF-r's TF(I) and TF(J) were consistently up-regulated compared to the VEH control. In an extreme case where g TF(I) (d) 
Upward arrows indicate increased activity; downward arrows indicate decreased activity; and NS indicates no significant changes relative to vehicle controls. TF reporters listed as ''no data'' had signal that was too low to be analyzed. doi:10.1371/journal.pone.0057180.t002
= 2 and g TF(J) (d) = 2.3 for each day. For this example the similarity index will be maximal (s TF(I)TF(J) = 1) but the correlation vanishes (r TF(I)TF(J) = 0). To assign statistical significance to similarity indices for pairs of TF reporters, for each pair (TF(I), TF(J)) a histogram of similarities P TF(I)TF(J) (s) from a bootstrap sampling (N = 10,000 configurations) of the vehicle control values was determined. The bootstrap ensemble of the vehicle control values was generated by random draws with replacement from the vehicle-treated repetitions of individual days without mixing values from different days. The daily average was then calculated, then the similarity s of the vehicle controls for TF(I) and TF(J), and the distribution of similarities P TF(I)TF(J) (s) was estimated from the histogram of N = 10,000 repetitions. Pairs of reporters (TF(I), TF(J)) whose similarities s TF(I)TF(J) were found outside of the bulk 95% region were considered significantly correlated.
Cluster analysis
Cluster analysis was performed using R software [36] . Dynamic transcription factor reporter readouts for each cell-based model were clustered into 10 groups with similar dynamics using the kmeans method with 10,000 iterations. For hierarchical clustering, the hclust function was used which assigns each object to its own cluster and then proceeds iteratively joining the two most similar clusters at each step [36] .
Dynamic network construction
Networks of transcription factor reporters showing altered activity at each time point were constructed as follows. TF reporters with altered activity were assigned to broad biological categories as shown in Table 1 and Table S1 based on wellcharacterized roles and references in the TRANSFAC database [37] and Online Mendelian Inheritance in Man database (http:// omim.org). Plotted TF icons represent TF activities significantly different from vehicle controls on each day and plotted according to assigned biological categories. Connections in networks represent either (1) TF binding sites near genes for other TFs and known TF-TF interactions catalogued in the TRANSFAC database, or (2) similarity index analysis of experimental data, or connections identified by both (1) and (2) as indicated in the figure legends. For TRANSFAC-derived connections, connections between TF icons indicate either a known protein-protein interaction between TFs or the presence of a binding site for one TF within the regulatory region of the other. Connections representing TF-TF interactions identified as described above were plotted between TF icons if both TF activities were significantly altered relative to vehicle on the same day. Connections representing transcriptional relationships between TFs were plotted if the upstream TF had significantly altered activity relative to vehicle on either the preceding day or the same day as the downstream TF. All connections that met the criteria described here and in the figure legends are shown in networks.
Results
Epithelial-mesenchymal transition under the conditions of the array
We initially confirmed EMT in three cell-based models of breast cancer. To allow distinction between conserved and model-specific TF activity changes, three models were selected based on distinct treatments and cell types (Figure 1 ). The first model was based on nontransformed, immortalized human mammary luminal epithelial cells (HMLE Twist ER) stably transduced with a tamoxifen- specific modified estrogen receptor fused to the EMT master regulator TF Twist1 (HMLE Twist ER cell line). Treatment of these cells with 4-hydroxytamoxifen (4OHT) activates Twist1 resulting in EMT [7] (induced Twist model). The second model involved the HMLE Twist ER cell line treated with TGF-b1, which drives EMT without activation of the Twist ER fusion protein and allows comparison of EMT in the same cell line induced by distinct mechanisms [7, 17] . The third model involved the well-differentiated, weakly-tumorigenic MCF-7 breast cancer cell line which was treated with TGFb1 to induce EMT [38] . These three models were chosen for comparison of TF activity specific to the HMLE Twist ER cell line independent of treatment, specific to TGF-b1 treatment independent of cell line, or conserved in all three models.
Morphological changes consistent with EMT were confirmed in all models ( Figure 1A-C) . Functional consequences of EMT relevant to metastasis in vivo include increased cell migration and invasion. In a scratch-wound assay, cells had a marked increase in migration with 4OHT or TGF-ß1 treatment compared to vehicle controls (Figure 2A-C) . The invasive capacity of these cells within the 3 models was also assessed using a modified Boyden chamber assay. Treating HMLE Twist ER cells with either 4OHT or TGFb1, and treating MCF-7 cells with TGF-b1, resulted in a significant increase in invasion ( Figure 2D-F) . Due to inherent differences in cell biology, the rate of migration was faster for HMLE Twist ER cells treated with 4OHT or TGF-b1 than for MCF-7 cells treated with TGFb1. MCF-7 migration was barely detectable at 10h after wounding but was marked for TGF-b1-treated cells at 24 h. At 24 h HMLE Twist ER TGF-b1 wounds were nearly closed and HMLE Twist ER 4OHT wounds were completely closed while vehicle-control wounds remained prominent. A loss of epithelial integrity is also reflected in the apparent increase in width of the vehicle-control wounds in this assay. Upon ''wounding'' the confluent epithelial sheet with a pipette tip, cells induced to undergo EMT were lifted from the plate and dispersed (medium was subsequently changed to prevent re-seeding within the wound). In contrast, vehicle-control treated cells lifted from the plate by wounding remained firmly attached to their fellows, resulting in partial delamination of the epithelial sheet. Throughout the course of the assay the delaminated cells eventually became separated from the cells still adhering to the plate and floated to the surface. In some cultures the loss of the delaminated portion resulted in an apparent increase in the diameter of the scratch wound observed over the assay period, because the initial wound diameter had been partially obscured by the delaminated portion. The dynamic expression of EMT markers was subsequently investigated to identify time points at which to quantify TF activity during EMT [10, 22, 38] . Increased expression of mesenchymal markers N-cadherin, fibronectin, vimentin, MMP1, and MMP14 were observed in HMLE Twist ER models by Day 2 of treatment with continually increased expression on subsequent days ( Figures 3A and B) . Significantly decreased levels of E-cadherin mRNA, a hallmark of EMT [10] , were observed in HMLE Twist ER cells treated with 4OHT. However, HMLE Twist ER cells treated with TGF-b1 did not exhibit this decline, despite the large increases in mesenchymal gene expression. Nevertheless, the HMLE Twist ER cells treated with TGF-b1 lost functional localization of E-cadherin at the membrane ( Figure 3D ). In MCF-7 cells, a significant decrease in E-cadherin was observed with concomitant increases in mesenchymal markers fibronectin and MMP14 over six days of treatment. N-cadherin, vimentin, and MMP1 were not detectable in either TGF-b1-or vehicle-treated MCF-7 cells. Taken together, these results indicate that the switch from epithelial to mesenchymal gene expression programs occurs in all three models by Day 6. Of note, epithelial gene expression was decreased but not completely abolished, consistent with the partial EMT observed in breast cancer invasion [39, 40, 41] . Subsequent studies with the TF activity array thus employed a sixday time course, which encompasses the initial transition from a stable epithelial to an invasive phenotype ( Figure 4A) .
Application of the TF activity array to three models of EMT in breast cancer
A TF activity array incorporating reporters for TFs with established roles in EMT as well as TFs that function in differentiation, cell cycle regulation, apoptosis, inflammation, and stress responses was designed to monitor TF activity dynamically (Table 1, Table S1 , Figure 4A ). TF activity dynamics were monitored for 56 reporters with bioluminescent images captured daily for six days (Figures 4A and 4B) . Groups of TFs with activity that was common to one or more models, or observed in only one model were identified ( Figure 4C , Table 2 ). Individual TF activity data for each model is available in Supplementary Data (Table S2, Figure S1 ). In HMLE Twist ER cells treated with 4OHT, 35 of the 56 reporters (63%) had significantly altered activity relative to vehicle controls. In HMLE Twist ER cells treated with TGF-b1, 33 reporters (59%) showed significantly altered TF activity. Luminescent signal from MCF-7 cells was generally lower than in HMLE Twist ER cells. Significant differences in signal were therefore more difficult to detect in treated MCF-7 cells with only 20 (36%) reporters having significantly altered TF activity relative to vehicle controls. Although differences were not significant for 24 reporters (42%) in this MCF-7/TGF-ß1 model, many reporters in this category had trends similar to those reaching significance in the HMLE Twist ER/TGF-b1 model. Because of a generally low signal, twelve (21%) reporters in this MCF-7 model could not be reliably analyzed. Thus, the subsequent dynamic analysis primarily focused on the HMLE Twist ER models.
Seven reporters (13%) with activity significantly different from controls had similar behavior across models. Among these TFs were NFkB-r and PAX1-r (increased); HIF1-r, ER-r, HSE-r, MEF2-r, and MNX1-r (decreased). NFkB is considered a master regulator of EMT and its increased activity coordinates a web of other master regulators during this process and links inflammation to cancer progression [10, 42] . The prominent and sustained increase in activity of this TF underscores the central role of NFkB in EMT. Estrogen receptors (ERs) are crucial to mammary epithelial differentiation and loss of this function is associated with aggressive breast cancers and EMT [43, 44] . Decrease in ER-r activity was more pronounced at later time points when the transition to a mesenchymal phenotype was more advanced. HSE-r is the reporter for heat shock factor (HSF), which responds to multiple stressors. In contrast to our results using human mammary epithelial cells, increased heat shock factor activity has been associated with increased EMT in a mouse model [45] . Dynamics of HSF activity were varied in the three models, suggesting that the role of heat shock factor in EMT is complex (Table S2) . As HIF1 activity is well-recognized to increase with EMT [46] , the dynamics of reporter activation were unexpected. HIF1-r activity was decreased in the HMLE Twist ER/4OHT model and had large fluctuations in both TGF-b1 models with significantly Figure 4 . Summary of conserved and model-specific TF activity changes in three cell-based models of EMT. This initial analysis aimed to identify TF activities commonly associated with the similar, characteristic EMT phenotypes of different models shown in Figures 1-3 , and thus TF activities that might relate to a conserved EMT program. Thus, in Figure 4 , dynamic activity patterns were not taken into account; rather, changes were considered ''conserved'' if they were observed in .1 model at any point during the six day time course with a significant difference relative to vehicle. A. Schematic of time course of array studies. B. False-color image of a portion of a TF activity array showing luminescent readout intensity from cells expressing various TF reporters. C. TF activity changes significantly different from vehicle control in the three models of EMT in breast cancer. Note some reporters had a different activity pattern in the different experimental models and are thus shown in two different places. HIF1-r, HSE-r, MNX1-r, NFAT-r, and PAX1-r showed conserved activity changes at some time points with additional changes in the opposite direction seen at other time points in one model only. All significant changes for each reporter relative to vehicle are plotted in the Venn diagram. A complete list of behaviors by TF reporter is given in Table 2 . doi:10.1371/journal.pone.0057180.g004 increased and decreased activity at different points during the sixday study period. MEF2 was previously identified as a TF hub in EMT networks [13] . In both models, decreased activity was significant at time points midway through EMT (Days 2-4). To our knowledge, the indication that PAX1 and MNX1 were conserved factors in EMT is a novel finding of this study. PAX1-r activity was increased early in all models with biphasic activity in the HMLE Twist ER/4OHT model only, while MNX1-r activity was decreased at later time points in all models.
In both models of TGF-b1 driven EMT, three TF reporters corresponding to TFs with well-known roles in physiologic EMT had increased activation (BRACHYURY-r, SRF-r, and HIF1-r, which had dynamic increases and decreases in activity as noted above), while apoptosis-related E2F1-r had decreased activity. Brachyury is crucial for embryonic mesoderm formation and drives EMT in human cancers [47, 48] . SRF activity in this in vitro EMT model is consistent with a possible physiologic response to wounding that is subverted in cancer cells [49, 50] . As mentioned above HIF1 coordinates with other key signaling pathways to induce EMT in response to hypoxia and other cues [46] .
Multiple TFs were observed to have significant activity changes in only 1 model, and these non-conserved changes may relate to model-specific mechanisms of EMT or to cell type-or treatmentspecific responses not related to EMT. Model-specific changes included a large number of differentiation and developmentrelated reporters with decreased activity in the HMLE Twist ER/ 4OHT model, particularly at later time points (Table S2 ). In HMLE Twist ER/TGF-b1 model, ELK1-r and SMAD3-r had elevated activity consistent with the role of associated TFs in canonical TGF-b1 signaling and MAPK pathway activation. Increased activity of pluripotency-related reporters (NANOG-r, OCT-r) was also seen in this model. The MCF-7 model showed unique activation patterns for several differentiation-related (increased GATA1-r, HOXA1-r; decreased RUNX1-r, VDR-r) and apoptosis-related (increased p53-r; decreased SP1-r) reporters. Because the TF activity array data was least robust in the MCF-7 model, further analysis focused on the two HMLE Twist ER Figure 5 . Cluster analysis of dynamic TF activity patterns. For each HMLE Twist ER model, significantly altered TF activities were clustered into ten groups with similar dynamics to identify groups of TF reporters with similar activation patterns during the six-day time course concurrent with loss of epithelial characteristics, upregulation of mesenchymal genes, and acquisition of an invasive phenotype as shown in Figures 1-3 models. Despite the many conserved TF activity changes, we next investigated whether the dynamic activity pattern and TF activity networks were similar in the two models, which would suggest a conserved, coordinated EMT program. Alternatively, the dynamic activity pattern may be distinct for each model, which would suggest that EMT is executed with different TF activity dynamics based on the cell context.
Cluster analysis defines groups of TF activities with similar dynamics
Cluster analyses were performed to identify TFs with similar activity patterns over the six-day time course in the 2 HMLE Twist ER models. TF activities in each model were grouped into ten clusters so that common patterns of TF activity during EMT could be observed ( Figure 5, Figure S5) . A hierarchical clustering analysis was also performed to indicate the relatedness of different TF activities and clusters to each other ( Figure S2 ). Some groups of the TF activities are up-or down-regulated immediately upon initiation of EMT (ie, 4OHT groups 1 and 9, TGF-b1 groups 1 and 2) while others are affected at later stages (ie 4OHT and TGFb1 groups 3 and 6). This observation is consistent with previous descriptions of the shifting roles of specific TFs as EMT proceeds [15] . Our data indicated that NFkB is activated early in both models and remains activated during EMT with distinct dynamics Figure 6 . Pairwise correlations of dynamic TF activity patterns. A similarity index was defined to quantify the correlation of pairs of TF activities throughout the six-day experimental time course. A and B. Matrix for HMLE Twist ER cells treated with A. 4OHT or B. TGF-b1. All 3080 possible pairwise correlations between the 56 TF reporters are plotted on the x-and y-axes with both axes listing all TF reporters as a number between 1 and 56 (only multiples of ten are shown). Red and blue points on the plots indicate significantly correlated pairs (significantly similar activity patterns identified by the similarity index calculation with significance defined as p#0.05). Plots are symmetric along the diagonal between the upper left and lower right. C-D. Network representation of pairs of significantly similar (p#0.05) activity patterns for HMLE Twist ER cells treated with C. 4OHT or D. TGF-b1. The similarity index was applied to all pairs of TF reporters with significantly altered activity relative to vehicle (Figure 4 ). Networks show all significantly similar pairs of such TF activities with red lines indicating a positive (phase) correlation over the six-day time course and blue indicating a negative (anti-phase) correlation in activity pattern. TF activities that were significantly altered compared to vehicle in Figure 4 but did not have a significantly similar activation pattern to any other TF activity in the dataset are not represented in networks. E. Common motifs of TF reporters with significantly similar activity in both HMLE Twist ER models at p#0.05. For the AP1-r/NANOG-r/PR-r/PTTG-r motif, connectivity in 4OHT-treated cells is shown on the left and connectivity in TGF-b1-treated cells is shown on the right. doi:10.1371/journal.pone.0057180.g006 Figure 7 . EMT at the level of dynamic TF activity networks in HMLE Twist ER cells treated with 4OHT (induced Twist model). TF activities were arranged by general biological category (top x-axis) and significant differences from activity in vehicle controls was plotted on each day (y-axis; days D1-D6 are separated by grey dotted lines). Red TF icons indicate a decrease in activity relative to vehicle while green icons indicate an increase in activity relative to vehicle. Colored vertical lines connect icons for each TF that appears on multiple days; the color of the line indicates in each (Figures 5A and B) , again consistent with the known role of NFkB as a master regulator of EMT. Overlapping but nonidentical sets of differentiation-related TF reporters also had decreased activity during the second half of the time course. The downward inflection in numerous differentiation-related TF activities occurred following about three days of treatment, corresponding to augmented mesenchymal gene expression and the acquisition of an invasive phenotype (Figures 2 and 3 ).
Pairwise correlation of dynamic TF activity patterns
Time-dependent networks are ultimately necessary to understand changes in cellular differentiation status such as through the induction of EMT [23, 24] . We sought to establish TF activity networks for HMLE Twist ER models, as the complement of numerous active TFs in the cell, rather than an individual factor, are responsible for dictating response [51] . In biological networks, significantly correlated expression of gene products may reflect regulatory interactions [52] . To quantify similarity of activity patterns between TF reporters, a similarity index was defined to identify pairs of TF activities that were statistically unlikely to be changing independently based on similarity of dynamic activity patterns over the six-day culture ( Figure 6 ). The 3080 possible pairings of the 56 TF activities (56 TF reporters 6 55 partners for each) were assessed for significant correlation as described in the Methods to define relevance networks [53] . For the HMLE Twist ER/4OHT model, 130 pairs with significant positive correlation were identified, as well as 47 pairs with significant negative (antiphase) correlation. For HMLE Twist ER cells treated with TGFb1, 78 statistically significant pairs with positive correlation were identified, as well as 55 pairs with negative correlation. Table S3 lists similarity index values for each significantly correlated pair. Pairs for which both TF reporters had significantly altered activity relative to vehicle, and were also significantly correlated or anticorrelated, are represented in networks ( Figure 6 , Figure S6 , Figure S7 ). These networks reveal significant dynamic interactions between EMT-associated TFs.
The TF network connectivity in 4OHT and TGF-b1 HMLE Twist ER models was distinct ( Figure 6E) . Upon comparing the two models, the TF reporters with numerous connections (hubs in the network) were also quite different, suggesting that the TF activities of central importance to networks driving EMT in each model are dissimilar. The TGF-b1 network shows interconnected hubs of EMT-associated TFs including NFkB-r [10, 19] , BRACHY-URY-r [48] , AP1-r [21] , and FOXA-r [13] . In our network, mesenchymal drivers negatively correlate with stabilizers of the epithelial phenotype, for example, NFkB-r and BRACHYURY -r correlate negatively with p53-r. The 4OHT network is notable for a core of highly interconnected TF activities related to differentiation and development (ie, c-MYC-r, HNF1A-r, GATA3-r, b -CATENIN-r, and AP1-r all have connections to each other and to several other highly interconnected modules ( Figure 6C) ). This module of highly interconnected TF reporters suggests a coordinated cellular response, which may be easier to see in the 4OHT network because Twist1 acts in the absence of the pleiotropic effects of TGF-b1. NFkB no longer appears to be centrally important in the induced Twist model suggesting that Twist1 activation bypasses the need for NFkB function to some extent. Instead, FOXA and b-catenin functions, which have also been recognized as master effectors of EMT [1, 13, 54] , are highly connected to other TF activities in the 4OHT/HMLE Twist ER network. Therefore, although similar phenotypic changes are observed in both models (Figures 1-3 ) and approximately 47% of the TF reporters with significantly altered activity are conserved in HMLE Twist ER models (Figure 4 ), when the dynamic activity patterns of TFs are taken into account the network connectivity of the models is quite distinct. Furthermore, pairs of significantly similar TF activities were rarely observed in both models indicating that the dynamic networks were distinct and are not simply offset in time.
Dynamic TF activity networks in models of breast cancer EMT
Integration of novel and existing data remains an important challenge to systems biology [55] . The high-throughput, dynamic TF activity data was combined with prior knowledge of TF interactions from the TRANSFAC database [37] to generate a network model that describes the progression of TF activity as the epithelial program declines and the mesenchymal program emerges. For this analysis, TF activities significantly different from vehicle controls were assembled into a dynamic network for HMLE Twist ER/4OHT ( Figure 7 ) and HMLE Twist ER/TGFb1 models (Figure 8) . The connections between TFs in Figures 7A and 8A indicate the presence of both 1) a previously-characterized transcriptional regulatory interaction, and 2) significant similarity in activity pattern over the six day time course (Figure 6 , Tables S3C and S3D). A limitation of this approach is that functional interactions between TFs that do not result in close correlation over the entire six-day time course are not captured. Furthermore, TFs may also have an incidental binding site relationship (meaning a binding site for one TF exists within or near the gene for another) but their significantly correlated activity may be due to another cause such as a similar response to upstream signaling cues. Despite these limitations, the networks in Figures 7A and 8A provide a view of dynamic TF networks in each model that are supported by both prior knowledge and observed activity correlations, increasing the likelihood that the observed correlations are due to transcriptional relationships beyond what is possible for either prior knowledge or the similarity index alone. Importantly, because time points were taken every 24 hours, transcriptional activation of one transcription factor by another would usually be expected to result in an increase in the reporter activation of both reporters.
The similarity index analysis identified significant interactions that have not been previously captured in the TRANSFAC whether the TF activity is above or below vehicle at the later time point. TF names rather than reporter names are listed because prior knowledge of TF interactions was then applied to plot relationships between TF activities. Significantly similar activity patterns are shown as lines connecting TF icons, with positive similarity indicated by solid lines and negative similarity indicated by dashed lines. Top panel. Prior knowledge of TF interactions from the TRANSFAC database identified connections between TFs with reporters showing significantly altered activity relative to vehicle on each day. TRANSFAC database connections were compared with data from the similarity index to identify connections supported by experimental data. Plotted connections in the top panel represent known TF interactions from the TRANSFAC database that are supported by significantly similar activity patterns defined by the similarity index. Bottom panel. Connections in the bottom panel are drawn between pairs of TFs with significantly similar activity patterns identified by the similarity index that do not have known relationships in the TRANSFAC database. The relationships implied by these connections are thus novel findings of the TF activity array. Pairs of TFs in the bottom panel are unlikely to have a transcriptional relationship with each other because there are no identifiable binding sites for each TF in the vicinity of the gene for the other. Similarity is thus likely to reflect proteinprotein interaction or a common response to a third factor or upstream signal. doi:10.1371/journal.pone.0057180.g007 Figure 8 . EMT at the level of dynamic TF activity networks in HMLE Twist ER cells treated with TGF-b1. TF activities are plotted as in Figure 7 . Top panel. Prior knowledge of TF interactions from the TRANSFAC database identified connections between TFs with reporters showing database (i.e., no prior knowledge of known transcriptional or TF-TF protein interaction), which were also represented in dynamic network models (Figures 7B and 8B) . Connections in these networks represent novel findings of the array. The physical basis of these correlations may be transcriptional, via a binding sequence that is not known; via an unrecognized TF-TF protein interaction; or due to a common response to a third factor or other upstream signal.
For comparison, the networks incorporating prior knowledge of all TF binding sites within the vicinity of other TF genes, as well as TF-TF interactions, were constructed from the TRANSFAC database to indicate possible interactions between TFs significantly altered in each model ( Figures S3A and S4A ). However, this network likely includes many connections that are not functional in our experimental system [15, 56] . As distance from transcriptional start site is an important determinant of TF binding site functionality, a more stringent approach using only binding sites within the genes of other TFs was applied to increase the likelihood of predicting functional binding sites based on prior knowledge of genomic DNA sequences [57] (Figures S3B and  S4B ).
Discussion
This study employed an emerging technology for large-scale quantification of TF activity, which was applied to multiple cellbased models of EMT in breast cancer to identify conserved and model-specific mechanisms. The TF activity array identified a set of previously identified EMT-related factors that were significantly altered in all three models of EMT, including an increased activity of NFkB and PAX1 and decreased activity of ER, HIF1, HSE, MEF2, and MNX1. The observed activities of PAX1, MNX1, and HSF per corresponding reporters were similar in the 3 models, displaying activity patterns that have not previously been described in EMT to our knowledge. Overall, about one-half to one-third of significant changes in TF activity were conserved in all models. This partial overlap was consistent with previous reports directly comparing EMT under the control of different master regulators that identified overlapping but nonidentical gene expression programs [17, 33, 58] . Specifically, a study that compared Twist-, Snail-, and E47-driven gene expression patterns revealed that about one-third of regulated genes were common among the master regulators, similar to our findings at the level of TF activity [33] .
The large number of non-conserved gene expression [17, 33, 58] and TF activity changes during EMT was expected, as this technology captures global changes, both related and unrelated to EMT. In this study, the two treatments used to induce EMT were expected to have some differential effects in addition to the common induction of EMT. For example, tamoxifen inhibits ERK/MAPK signaling in addition to its anti-estrogenic properties [59, 60] , while TGF-b1 activates the ERK/MAPK pathway. Some differences in activity patterns, particularly for the several TF reporters that are decreased in the HMLE Twist ER/4OHT model but increased in the HMLE Twist ER/TGF-b1 model (Figure 4 ), may be due to differential regulation of this and other central signaling pathways.
Although 47% of TF activity changes during EMT were common to both HMLE Twist ER models, the dynamics of individual TF activities and thus the observed correlations between pairs and groups of activities were distinct. Only 6% of significant correlations between pairs of TF activities were common to both models. The similarity index and cluster analyses identify connections based on similar dynamics throughout culture; which may be rare. The activity dynamics of two functionally interacting TFs reflect integration of overlapping but non-identical sets of upstream signaling cues, which change during the course of EMT. Increasing the number of time points in future studies would be expected to increase the sensitivity of the similarity index to correlations. Prior knowledge of TF interactions can also infer connections; however, this approach likely includes connections that are not functional in the system of interest [56, 57] . Thus the combination of dynamic TF activity networks analyzed with stringent correlation requirements, and prior knowledge, may identify the key connections in the system of interest.
The TF activity array data suggest that EMT results from distinct dynamic changes, which can also be seen in the component changes that classically define EMT. All three models displayed the typical changes of EMT robustly such as increased invasion, increased mesenchymal characteristics, and decreased epithelial characteristics ( Figures 1-3) ; however differences were observed in the specific molecular changes. For example, 4OHT-treated HMLE Twist ER cells (and TGF-b1-treated MCF-7 cells) decreased E-cadherin expression at the pre-translational level, which contrasted with the TGF-b1-treated HMLE Twist ER cells that repressed E-cadherin function by a post-translational mechanism ( Figure 3) . Invasion, which is similarly increased in HMLE Twist ER models, reflects contributions of both cell migration and matrix degradation. 4OHT treatment increased migration more than TGF-b1 treatment whereas TGF-b1 treatment enhanced the expression of matrix-degrading MMPs to a greater extent than 4OHT treatment. Thus EMT may be an emergent property of distinct molecular processes, consistent with the distinct TF activity changes observed in Twist ER models [41] .
Our analysis of large-scale dynamic TF activity suggests novel time-specific mechanistic steps within EMT. A larger number of TF activities were decreased than were increased (Table 2) , which is consistent with previous observations that larger numbers of genes are downregulated than upregulated in EMT [13, 16, 17, 58] . In particular, genes associated with differentiation have been reported to be disproportionately downregulated in EMT [58] , consistent with our results showing decreased activity of many differentiation-related reporters. For example, declining activity of MNX1-r, NOTCH1-r, RAR-r, HNF1A-r, and PAX1-r is seen in both the HMLE Twist ER/4OHT model and the HMLE Twist ER/ TGF-b1 model during the second half of culture ( Figure 5 ). The decline in activity of these TFs may indicate progressive decline in epithelial differentiation. Interestingly, TF reporters associated with the pluripotent properties of stem cells (KLF4-r, NANOG-r, OCT-r) had increased activity at early time points, which declined as the activity of many differentiation-related reporters began to significantly altered activity relative to vehicle on each day. TRANSFAC database connections were compared with data from the similarity index to identify connections supported by experimental data. Plotted connections in the top panel represent known TF interactions from the TRANSFAC database that are supported by significantly similar activity patterns defined by the similarity index. Bottom panel. Connections in the bottom panel are drawn between pairs of TFs with significantly similar activity patterns identified by the similarity index that do not have relationships in the TRANSFAC database. The relationships implied by these connections are thus novel findings of the TF activity array. Pairs of TFs in the bottom panel are unlikely to have a transcriptional relationship with each other because there are no identifiable binding sites for each TF in the vicinity of the gene for the other. Similarity is thus likely to reflect protein-protein interaction or a common response to a third factor or upstream signal. doi:10.1371/journal.pone.0057180.g008
drop. The TF activity patterns suggest that initial epithelial destabilization may have occurred along with partial dedifferentiation to a stem-like state, from which mesenchymal reprogramming ensued. This relationship between EMT and stem cell properties has similarly been proposed in vivo [4, 7, 61, 62] , where the inflammatory/hypoxic tumor microenvironment would drive mesenchymal differentiation in partially dedifferentiated epithelial cells [63, 64] . This model is consistent with EMT destabilization of epithelial differentiation leaving cells vulnerable to omnipresent mesenchymal-inducing cues [65] , such that following epithelial destabilization, the cells do not necessarily retain stem cell features [66] .
The complexities of cancer biology demand systems biology approaches with an emphasis on function and integrated analysis [67, 68] . Systems biology approaches have bolstered the relationship between EMT and cancer stem cells and defined groups of genes that are coordinately repressed to facilitate invasion in clinically aggressive tumors [16, 69, 70] . The TF activity array complements other systems biology approaches by directly assessing the mechanistic link between upstream signaling and downstream phenotypic changes. Results from the TF activity array were consistent with a study combining several mRNA and protein quantification techniques to provide an integrated view of functional modules in EMT, which identified NFkB, MEF2, FOXA, and Myc as key TF nodes [13] . TF activity studies also complement work describing how multiple upstream signaling pathways including TGF-b, Wnt, and growth factor pathways direct EMT and its functional consequences [12, 65] . However, our results had minimal overlap with a previous study using gene expression profiles to identify overrepresented cis regulatory elements in the promoters of regulated genes, which implicated TFs Atf2, Klf10, Sox11, and SP1 in kidney tubule cells undergoing EMT [15] . In our study, increased SP1 activity was observed in the HMLE Twist ER/TGF-b1 model, while decreased activity was observed in the MCF-7/TGF-b1 model (reporters for the other TFs identified in [15] were not available in this study). The integration of multiple systems biology technologies (e.g., ChIP seq, microwestern arrays) will likely be necessary to develop complete mechanisms driving EMT in different contexts [14, 71] . Combinatorial binding and chromatin cues contribute to the action of individual TFs [51, 56] , and the sequences for TF binding may change as differentiation proceeds [15] . Taken together, rich datasets from these high throughput technologies, combined with mathematical analyses, can inform mechanisms underlying EMT and potentially lead to novel targeted therapies.
In conclusion, the unique properties of the TF activity array allowed visualization of dynamic TF activity networks as the epithelial differentiation program is destabilized and cells acquire an invasive phenotype. The TF activity array distinguished conserved from model-specific TF activity changes in three models of breast cancer EMT, demonstrated similarities and differences in behavior of TFs previously described as EMT master regulators, and identified novel factors with conserved roles. Signaling networks in response to different EMT-inducing treatments were found to be very distinct when dynamic activity of TFs was taken into account. Dynamic patterns of TF activities were combined with prior knowledge to begin defining EMT as a process in which phenotypes are driven by TF network changes. A focus on dynamic TF activity networks complements EMT-related gene expression and proteomic studies, contributing to an integrated understanding of this complex and important program. Figure S1 Graphs of normalized TF activity data from arrays. Graphs correspond to data in Table S2 . (DOCX) Figure S2 Hierarchical cluster analysis of significantly altered TF activity changes in HMLE models showing the relationship between clusters in Figure 5 (cluster number from Figure 5 is noted in color beside each TF reporter name). Dendrogram shows the relatedness of groups of TF activities. The outcome of this standard analysis is very similar to the findings of the similarity index ( Figure 6 ). Reporter activity patterns with significant similarity in Figure 6 are also found to be closely related by hierarchical clustering. (TIFF) Figure S3 EMT at the level of dynamic TF activity networks in HMLE Twist ER cells treated with 4OHT incorporating prior knowledge connections only. As in Figures 7 and 8 , TF activities were arranged by general biological category (top x-axis) and significant differences from activity in vehicle controls was plotted on each day (y-axis; days D1-D6 are separated by grey dotted lines). Red TF icons indicate a decrease in activity relative to vehicle while green icons indicate an increase in activity relative to vehicle. Colored vertical lines connect icons for each TF that appears on multiple days; the color of the line indicates whether the TF activity is above or below vehicle at the later time point. TF names rather than reporter names are listed because prior knowledge of TF interactions was then applied to plot relationships between TF activities. Top panel. Prior knowledge of all TF binding sites in the vicinity (defined by TRANSFAC and variable between genes) of genes for TFs, as well as any known protein TF-TF interactions from the TRANSFAC database are represented as connections between TF icons. If a binding site for a TF is present in the vicinity of another TF, a connection was plotted if the upstream TF showed significantly altered activity relative to vehicle on the same or the preceding day as the downstream TF. For TF-TF interactions, a connection was plotted if both TFs were significantly altered compared to vehicle on the same day. Bottom panel. Plots in the bottom panel were constructed according to the same parameters as in the top panel but with more stringent criteria for the presence of TF binding sites. Only TF binding sites within the genes of TFs are plotted rather than all TF binding sites within the vicinity of the gene. Note that the positions of all TF icons are the same in both panels although the large number of connections in the top panel obscures many icons. (TIFF) Figure S4 EMT at the level of dynamic TF activity networks in HMLE Twist ER cells treated with TGF-b1 incorporating prior knowledge connections only. As in Figures 7 and 8 , TF activities were arranged by general biological category (top x-axis) and significant differences from activity in vehicle controls was plotted on each day (y-axis; days D1-D6 are separated by grey dotted lines). Red TF icons indicate a decrease in activity relative to vehicle while green icons indicate an increase in activity relative to vehicle. Colored vertical lines connect icons for each TF that appears on multiple days; the color of the line indicates whether the TF activity is above or below vehicle at the later time point. TF names rather than reporter names are listed because prior knowledge of TF interactions was then applied to plot relationships between TF activities. 
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